Macrophages accumulate within stromal tissue subjacent to the luminal epithelium in the mouse uterus during early pregnancy after seminal fluid exposure at coitus. To investigate their role in regulating epithelial cell expression of fucosylated structures required for embryo attachment and implantation, fucosyltransferase enzymes Fut1, Fut2 (Enzyme Commission number [EC] 2.4.1.69), and Fut4 (EC 2.4.1.214) and Muc1 and Muc4 mRNAs were quantified by quantitative real-time PCR in uterine epithelial cells after laser capture microdissection in situ or after epithelial cell coculture with macrophages or macrophage-secreted factors. When uterine macrophage recruitment was impaired by mating with seminal plasma-deficient males, epithelial cell Fut2 expression on Day 3.5 postcoitus (pc) was reduced compared to intact-mated controls. Epithelial cell Fut2 was upregulated in vitro by coculture with macrophages or macrophage-conditioned medium (MCM). Macrophage-derived cytokines LIF, IL1B, and IL12 replicated the effect of MCM on Fut2 mRNA expression, and MCM-stimulated expression was inhibited by anti-LIF and anti-IL1B neutralizing antibodies. The effects of acute macrophage depletion on fucosylated structures detected with lectins Ulex europaeus 1 (UEA-1) and Lotus tetragonolobus purpureas (LTP), or LewisX immunoreactivity, were quantified in vivo in Cd11b-dtr transgenic mice. Depletion of macrophages caused a 30% reduction in luminal epithelial UEA-1 staining and a 67% reduction in LewisX staining in uterine tissues of mice hormonally treated to mimic early pregnancy. Together, these data demonstrate that uterine epithelial Fut2 mRNA expression and terminal fucosylation of embryo attachment ligands is regulated in preparation for implantation by factors including LIF and IL1B secreted from macrophages recruited during the inflammatory response to insemination.
INTRODUCTION
Macrophages are prominent among the large and dynamic population of leukocytes that traffic through the endometrium [1] . Their recruitment, differentiation, and activation state fluctuate over the course of the estrous cycle [2] and particularly during early pregnancy [3, 4] under the direction of potent microenvironmental factors including cytokines, chemokines, and components of the extracellular matrix [5] . In mice and other mammals, exposure to seminal fluid at coitus is a key event in recruiting macrophage populations during early pregnancy. Transforming growth factor-beta (TGFB) derived from the seminal vesicle glands interacts with estrogenprimed uterine epithelial cells to induce a surge in synthesis of proinflammatory cytokines and chemokines [6, 7] . These factors stimulate monocytes to extravasate and infiltrate endometrial stromal tissue, preferentially localizing adjacent to glandular and luminal epithelium and blood vessels, where they differentiate into macrophages and persist for approximately 48 h before largely dissipating prior to embryo implantation on Day 3.5 postcoitus (pc). We have postulated that macrophages recruited during the response to seminal plasma might impact on uterine receptivity by either or both of two pathways; 1) activation of female immune responses and 2) tissue remodeling associated with the preparation for endometrial receptivity.
Intimate juxtaposition with the luminal epithelial cells at the endometrial surface affords macrophages a potential paracrine role in influencing epithelial cell function. Such a function is suggested by studies showing that leukocytes influence adhesive properties in human uterine epithelial cells in vitro [8] and could explain why intrauterine application of leukocytes leads to increased embryo implantation in the cow [9] . The ability of macrophages to alter transport properties and affect epithelial barrier integrity [10] might further contribute to implantation by facilitating trophoblast breaching of the epithelial surface.
Epithelial cell expression of adhesion and antiadhesion molecules, including glycoconjugates and mucins, is regulated in a way that provides a barrier until the onset of receptivity, when the embryo becomes apposed to the luminal epithelium [11, 12] , attaches, and then displaces epithelial cells and invades the underlying stroma. Specific adhesion molecules including H type 1 and Lewis blood group antigens are implicated in the acquisition of endometrial receptivity, while MUC1, the predominant antiadhesive molecule, is lost from the epithelial surface by transcriptional downregulation and proteolytic cleavage [13] . The regulatory mechanisms governing this shift in surface phenotype are unclear, but their temporal and spatial association with changing macrophage populations suggests these cells may act as local paracrine regulators of epithelial gene expression.
The objective of this study was to examine the possibility that macrophages influence epithelial cell expression of adhesion molecules linked with endometrial receptivity in mice. Initially, we utilized a seminal plasma-deficient mouse model to examine the effect of a diminished uterine macrophage population on luminal epithelial cell expression of genes regulating receptivity to implantation. These included genes encoding the fucosyltransferase enzymes Fut1, Fut2 (Enzyme Commission number [EC] 2.4.1.69), and Fut4 (EC 2.4.1.214) involved in synthesis of embryoadhesive fucosylated glycoconjugates and genes encoding the antiadhesive mucins Muc1 and Muc4. Epithelial cell-macrophage coculture experiments were then used to evaluate the effects of macrophage-derived signals on epithelial cell mRNA expression and to investigate the identity of macrophage-derived cytokines mediating signaling to epithelial cells. Finally, we investigated the importance of macrophages for fucosylated glycoconjugate synthesis in vivo using the Cd11b-dtr transgenic model (official symbol Tg(ITGAM-DTR/EGFP)34Lan) for acute macrophage ablation.
MATERIALS AND METHODS

Animals and Sample Collection
This study was approved by the University of Adelaide Ethics Committee. Mice were housed in a specific pathogen-free facility at the University of Adelaide with controlled temperature and lighting (12L:12D). Food and water were supplied ad libitum. The presence of a vaginal plug was regarded as Day 0.5 pc. C57BL/6 females were mated with seminal vesicle intact BALB/c males or BALB/c males from which the seminal vesicle glands were surgically excised (SVX), as previously described [6] . Cd11b-diphtheria toxin receptor (dtr) mice on an FVB background (official symbol Tg(ITGAM-DTR/ EGFP)34Lan) [14] were kindly provided by Professor Richard Lang (University of Cincinnati, Cincinnati, OH). Transient acute depletion of macrophages was elicited by administration of 25 ng/g body weight of diphtheria toxin (DT) from Corynebacterium diphtheria (Sigma, St. Louis, MO) i.p. Wild-type FVB females were lethally irradiated with 900 cGy and then administered donor bone marrow harvested from the tibia and fibula of Cd11b-dtr mice (5 3 10 6 cells i.v.; hereafter referred to as Cd11b-dtr BM mice). Approximately 6 wk later, Cd11b-dtr BM mice were ovariectomized through a dorsal incision following avertin (Sigma) anesthesia, allowed to recover for a further 2-3 wk, and then treated with ovarian steroid hormones to mimic the hormonal environment of early pregnancy [15, 16] . Mice were initially primed for two consecutive days with 100 ng 17b-oestradiol (E) (Sigma; designated Day 1 and Day 2 of the treatment protocol). Three days after priming with E, on Days 5, 6, and 7, mice were given daily injections at 0900-1000 h of 500 lg progesterone (P; Sigma) and 10 ng E (100 and 50 ll, respectively, s.c. in sesame oil). The macrophage depletion group received 25 ng/g DT (i.p.) at 1200-1300 h on Day 4 and Day 6 to elicit acute systemic macrophage death, while the control group received PBS. Mice were killed at 1300-1500 h on Day 7, 4-6 h after the final E þ P injection.
Epithelial Cell Isolation and Culture
Proestrus C57BL/6 mice were identified by vaginal lavage cytology, and uterine tissue was harvested, placed in cold Hanks buffer saline solution (HBSS; Invitrogen, Carlsbad, CA), and trimmed of fat, mesentery, and blood vessels under a dissecting microscope (Olympus, New York, NY) before being transferred into fresh HBSS and slit lengthwise to expose the luminal epithelium. Uteri were processed as previously described [17] . Briefly, uteri were pooled and digested with 0.5% trypsin (wt/vol; Trace Scientific, Melbourne, Australia) þ 2.5% pancreatin (wt/vol; Sigma; 45 min at 48C/45 min at 378C), and vortexed at low speed for 5 sec in 3 ml DNase buffer (HBSS plus 0.001 U/ml DNase [Roche, Mannheim, Germany], 50 lM MgCl 2 , and 10% heat-inactivated fetal calf serum, vol/vol [HIFCS; JRH Bioscience, Lenexa, KS]), before a short incubation on ice. The cell suspension was then pelleted at 200 3 g for 8 min at 48C and subsequently washed twice in DNase buffer and resuspended in D-MEM/F12 (Invitrogen) media containing 100 U/ ml penicillin, 100 lg/ml streptomycin (CSL Bioscience, Melbourne, Australia), 2 mM L-glutamine (JRH Bioscience), and 5 3 10 À5 M b-mercaptoethanol (Sigma). Uterine epithelial cell plaques were separated under unit gravity from contaminating stromal cells by two rounds of incubation on ice for 20 min, then discarding the top 50% of cell suspension to recover sedimented cell sheets. Epithelial cell purity was examined using a rat anti-mouse mAb MTS#24, which recognizes a uterine epithelial cell-specific marker [18] . Using flow cytometry and immunohistochemistry, MTS#24 was shown to be reactive with .84% of uterine cells prepared by unit gravity sedimentation, compared with 60%-80% of cells prior to separation, and cell viability increased by 15% following epithelial cell enrichment (data not shown). The enriched epithelial cell preparation was resuspended in D-MEM/F12 containing 2.5% HIFCS (vol/vol) and 2.5% serum replacement 1 (vol/vol; Sigma) and plated in the apical compartment of collagen-coated transwell inserts (Corning Incorporated, New York, NY) at a concentration of 2.5 3 10 5 cells/ml in a 12-well multidish. Following overnight culture, the medium in the apical compartment was replaced, and various treatments or medium alone were added to the basal compartment. Treatments included thioglycolateelicited peritoneal macrophages (1 3 10 6 cells/ml); macrophage-conditioned medium (MCM); recombinant murine IL1B, IL12, and TNF (all Prospec-Tany TechnoGene; Rehovot, Israel); IL6 and CXCL1 (both R&D Systems, Minneapolis, MN); recombinant human LIF (Sigma) or 0.8 lg/ml goat antimouse LIF (anti-mLIF; R&D Systems); 2 lg/ml goat anti-mIL1B (anti-mIL1B; R&D Systems); and 2 lg/ml normal goat IgG (isotype-matched control; R&D Systems). At 24 or 48 h after initiation of the coculture, epithelial cells were extracted into Trizol reagent (Invitrogen) and stored at À208C for subsequent RNA isolation and analysis.
Isolation of Thioglycolate-Elicited Peritoneal Macrophages and Coculture
An i.p. injection of 300 ll 10% thioglycolate (wt/vol) (BD Biosciences, San Jose, CA) in PBS was administered to mice 4 days before being killed. Macrophages were collected from the peritoneal compartment in 10 ml HBSS-HIFCS (5% vol/vol) and exposed to MQ H 2 O to lyse red blood cells. Cells were resuspended and plated at a concentration of 1 3 10 6 cells/ml in D-MEM/F12 containing 2.5% HIFCS and 2.5% serum replacement 1. Macrophage preparations were analyzed for both phagocytotic activity using a fluorescent bead incorporation assay and expression of the macrophage marker F4/80. More than 95% of peritoneal cavity cells were F4/80þ, and .95% showed phagocytic activity (data not shown). MCM was prepared from supernatants recovered from macrophages following 48 h of culture and was concentrated approximately 10-fold by centrifugation over a 10 000 MW cutoff Centricon filter (Amicon, Beverly, MA), then frozen in aliquots. MCM was subsequently diluted 1:4 in D-MEM/F12 containing 2.5% HIFCS (vol/ vol) and 2.5% serum replacement 1 (vol/vol) on addition to epithelial cell cultures.
Laser Capture Microdissection of Luminal Epithelium
Whole uteri dissected from Day 3.5 pc mice mated to intact or SVX BALB/ c males were embedded in Tissue-Tek OCT compound (Sakura, Torrance, CA) in liquid nitrogen-cooled isopentane and stored at À808C until required. Sections (8 lm thick) were placed on PEN membrane-coated glass slides (Leica Microsystems GmbH, Wetzlar, Germany) and stained with Cresyl Violet according to the manufacturer's instructions (Ambion, Austin, TX) prior to epithelial dissection using a Leica AS Laser Capture Microdissection (Leica Microsystems) microscope. Epithelial cells were dissected and pooled from six to eight tissue sections for each uterus and were stored at À808C until RNA was extracted for the entire experiment in a single batch, using an RNeasy Micro kit (Qiagen GmbH, Hilden, Germany) and subsequent treatment with DNase (DNA free; Ambion), both according to the manufacturer's instructions. Firststrand cDNA was reverse transcribed from random hexamer-primed RNA employing a Superscript-III Reverse Transcriptase kit (10 min/708C, 5 min/ 258C, 45 min/438C; Invitrogen).
Quantitative Real-Time PCR
Total cellular RNA was extracted from cultured endometrial epithelial cells using Trizol (Invitrogen) with the aid of glycogen to visualize the RNA pellet. Following treatment with DNase (DNA free; Ambion), first-strand cDNA was reverse transcribed from 1 lg random hexamer-primed RNA employing a Superscript-II or -III Reverse Transcriptase kit. The cDNA solution was diluted to 100 ll and stored at À208C. Primer pairs specific for published cDNA sequences were designed using Primer Express version 2 Software (Applied Biosystems, Foster City, CA; Table 1 ). Where possible, primers were designed to span an intron-exon boundary, to confirm absence of contaminating DNA. PCR employed reagents supplied in a 23 SYBR Green PCR Master Mix 180 (Applied Biosystems), and each reaction (20 ll total) contained 3 ll cDNA and 0.5 lM 5 0 and 3 0 primers. The negative control included in each reaction contained H 2 O substituted for cDNA. PCR amplification was performed in an ABI Prism 7000 Sequence Detection System (Applied Biosystems) to allow amplicon quantification according to the manufacturer's instructions. Reaction products were analyzed by dissociation curve profile and by 2% agarose gel (wt/vol) electrophoresis. Representative PCR products were purified and then sequenced at the Institute of Medical and Veterinary Science (Adelaide, Australia) using Big Dye version 3 (Applied Biosystems) to confirm primer specificity. Assay optimization and validation experiments were performed using cDNA from murine endometrial tissue to define the amplification efficiency of each primer pair. Cycle threshold (Ct) values were determined for serial dilutions of cDNA, and the linearity of detection was confirmed to have a correlation coefficient of .0.99 over the detection range when plotted as Ct versus log of RNA concentration. Delta Ct (DCt ¼ Ct x À Ct Actb ) was then calculated for each given RNA concentration and plotted versus log RNA concentration, yielding a slope of ,0.1, confirming similar efficiencies for all primer pairs. All RNA samples were reverse transcribed in a single batch and were assayed with each individual primer set in the same PCR run. Messenger RNA abundance values were normalized independently to Actb mRNA expression, and data are plotted as relative expression in arbitrary units adjusted such that the mean value in the control group is assigned a value of 100 [19] .
Lectin and Immunohistochemical Staining
Macrophages were detected in paraffin-embedded uterine tissue of Cd11b-dtr BM mice using anti-F4/80. Uterine tissues were fixed with 4% paraformaldehyde (wt/vol) in PBS overnight at 48C, then embedded in paraffin. Tissue sections (7 lm) were mounted on glass slides and blocked with 15% normal mouse serum (NMS; vol/vol) and 15% normal rabbit serum (vol/ vol) for 30 min before incubation with anti-F4/80 rat mAb (1:50 dilution; Caltag Laboratories, Burlingame, CA) overnight at 48C in a humidified chamber followed by biotinylated rabbit anti-rat IgG (1:100 dilution; 40 min at RT; Vector Laboratories) and ABC Elite kit (Vector Laboratories). Horseradish peroxidase was localized with diaminobenzidine tetrachloride (Sigma), and tissues were counterstained with hematoxylin (Sigma). Fucosylation in the uterine epithelium was quantified in fresh frozen uterine tissue sections (6 lm) fixed in 96% ethanol (vol/vol) for 10 min at 48C. Terminal fucose was detected using biotinylated lectins from Ulex europaeus 1 (UEA-1; specific for Fuca1-2Gal) or Lotus tetragonolobus purpureas (LTP; specific for Fuca1-2Gal, Fuca1-3GlcNAc, and Fuca1-4GlcNAc; both Sigma). Slides were incubated with 10 lg/ml UEA-1 or LTP or rat anti-mouse LewisX (3-fucosyl-N-acetyllactosamine, CD15, 1:50 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in PBS plus 1% bovine serum albumin (wt/vol; Sigma; PBS-BSA) plus 10% NMS for 5 h or overnight at 48C. Biotinylated lectins were subsequently detected with streptavidin-FITC (DAKO, Glostrup, Denmark), and LewisX was detected by incubation with FITC conjugated anti-rat immunoglobulin (DAKO), both diluted 1:40 in PBS-BSA plus 10% NMS (30 min, 48C). Negative control sections were incubated as described but with omission of the lectin or primary antibody or preincubation of UEA-1 with L-fucose (Sigma), and no staining was observed. Staining was quantified using Radiance 2100 laser scanning confocal microscopy (Olympus and BioRad) and Image J image analysis system (National Institutes of Health). All tissue sections were stained together in the same experiment, and the mean staining intensity (mean grayscale value) of the apical one-third of the luminal epithelial cell layer was defined for each section, and a mean value for four to six tissue sections per uterus was calculated. The intra-assay coefficient of variation was 7.0%, as calculated from 10 consecutive analyses of epithelial staining intensity on the same tissue section.
Flow Cytometry
Resident peritoneal cells were isolated from Cd11b-dtr BM and FVB mice by peritoneal lavage in 5 ml of ice-cold PBS-BSA (fluorescence-activated cell sorting [FACS] buffer). For flow-cytometric analysis, cells were aliquoted and incubated with anti-Fc-cIIR antibody (BD Biosciences) to block nonspecific binding (15 min/48C) prior to incubation with PE-conjugated anti-F4/80 and/or APC-conjugated anti-mCD11B antibodies (eBioscience, San Diego, CA), at concentrations suggested by the supplier, for 20 min at 48C in the dark. Cells were washed with FACS buffer (48C, 300 g, 10 min) and resuspended in 400 ll of FACS buffer. Analysis was performed using a FACS Canto with FACS Diva software (BD Biosciences). The percent cells expressing both F4/80 and CD11B was calculated after cell gating on the forward and side scatter to exclude debris and dead cells.
Data Analysis and Statistics
SPSS version 17 (SPSS, Chicago, IL) was used to analyze complete data sets. Data points greater than two standard deviations from the mean were considered outliers and were removed from data sets. Data was analyzed by the Student t-test or the Kruskal-Wallis H-test and the Mann-Whitney U-test if the Shapiro-Wilks test showed data sets to be not normally distributed. Statistical significance in differences between groups was concluded when P , 0.05. Gene symbols and protein names are according to nomenclature specified by Mouse Genome Informatics [20] .
RESULTS
Effect of Seminal Fluid-Deficient Mating on Uterine Epithelial Cell Fucosyltranferase mRNA Expression
Initially, we sought to evaluate the significance of the seminal plasma-induced postcoital inflammatory response on uterine luminal epithelial cell expression of genes encoding enzymes involved in synthesis of adhesive glycoconjugates and antiadhesion molecules. C57BL/6 females were mated to either intact or SVX BALB/c males, and uterine tissue was recovered from both groups on Day 3.5 pc. Luminal epithelial cells were laser capture microdissected from frozen sections of uterine tissue (Fig. 1, F and G) , then mRNA was extracted and subjected to quantitative real-time PCR analysis. An effect of deficiency in seminal plasma signaling was seen on epithelial cell expression of mRNAs encoding Fut2, which was reduced by 34% (P ¼ 0.006) in females mated with SVX males (Fig.  1B) . There was no difference in Fut1, Fut4, Muc1, or Muc4 mRNA abundance between females mated with intact or SVX males (Fig. 1 ).
Macrophage Regulation of Uterine Epithelial mRNA Expression In Vitro
A major effect of seminal fluid signaling in the uterus is to induce recruitment of macrophages and other leukocytes in the postcoital inflammatory response [6] . To evaluate whether the effect of seminal fluid signaling on epithelial cell fucosyltransferase expression might be mediated by macrophages, we established an in vitro uterine epithelial cell-macrophage coculture system. The effect of coculture with thioglycolateelicited peritoneal macrophages on the relative abundance of epithelial cell mRNAs encoding fucosyltransferase and mucin genes was analyzed. Epithelial Fut1 mRNA expression was increased following coculture for 48 h compared to culture in medium alone (11.5-fold increase, P ¼ 0.04; Fig. 2A ). Fut2 mRNA expression was also increased following coculture with macrophages for either 24 h (1.9-fold, P ¼ 0.000) or 48 h (2.5-fold, P ¼ 0.004; Fig. 2B ). Fut4 mRNA expression was increased following coculture of epithelial cells with macrophages for 24 h (1.3-fold, P ¼ 0.039) or 48 h (1.2-fold, P ¼ 0.026; Fig. 2C ). Culture with MCM for 48 h replicated the stimulatory effect of macrophage coculture on epithelial cell expression of Fut2 mRNA (2.2-fold, P ¼ 0.001) and Fut4 mRNA (1.5-fold, P ¼ 0.017) but not Fut1 mRNA expression. In contrast, epithelial Muc1 and Muc4 mRNA expression was not significantly influenced by coculture with macrophages or MCM (Fig. 2, D and E) .
Cytokine Regulation of Uterine Epithelial mRNA Expression In Vitro
To determine the identity of the macrophage-secreted signaling moieties, several cytokines were assessed for their ability to replicate the actions of MCM. Cytokines were chosen on the basis of published information on macrophage-derived cytokines and our immunobead analysis of cytokines synthesized by macrophages in the coculture experiments (data not shown). Fut2 mRNA expression was found to be significantly upregulated in epithelial cells following treatment for 24 h with recombinant LIF (1.6-fold, P ¼ 0.002), IL1B (1.4-fold, P ¼ 0.009), or IL12 (1.4-fold, P ¼ 0.009) compared to the mediumonly control (Fig. 3B) . In contrast, epithelial cell Fut1, Fut4, Muc1, and Muc4 mRNA transcription were not significantly altered by cytokine treatment (Fig. 3, A and C-E) .
To further investigate the ability of LIF to regulate Fut2 mRNA expression and the extent to which LIF contributed to MCM-stimulated Fut2 mRNA expression, additional in vitro experiments were conducted. We focused on LIF and IL1B as candidate macrophage-derived factors, as signaling by these two cytokines has previously been found to be critical for fertility in mice [21, 22] . Neutralization of MCM with anti-mIL1B resulted in a modest reduction in Fut2 mRNA expression (Fig. 4A) , and anti-mLIF elicited a similar reduction, but this did not reach statistical significance. The greatest effect was achieved when anti-mLIF and anti-mIL1B were used in combination; together, they substantially reduced Fut2 mRNA expression to a level comparable to the medium-only control, while an isotypematched control antibody had no effect on MCM-stimulated 
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Fut2 mRNA expression. Furthermore, addition of anti-mLIF antibody without MCM acted to inhibit epithelial cell Fut2 mRNA expression to 46% below control levels (Fig. 4A) . Epithelial cells cultured with 0.02-20 ng/ml concentrations of LIF demonstrated a dose-responsive effect on Fut2 mRNA expression, which was similar regardless of whether the culture period was for 24 or 48 h (Fig. 4B) . Messenger RNA expression of Socs3, which encodes the suppressor of cytokine signaling 3 (SOCS3) protein, a downstream component of the LIF receptor signaling pathway, was also increased following coculture with macrophages for 24 h (2.8-fold, P ¼ 0.000) or MCM for 48 h (1.4-fold, P ¼ 0.021; Fig. 4C ). In addition, there was a 1.5-fold increase in epithelial cell Socs3 mRNA expression following culture with LIF (P ¼ 0.025; Fig. 4D ), but transcription was not significantly altered by IL1B, IL6, IL12, CXCL1, or TNF treatment (data not shown).
Effect of Acute Macrophage Depletion on Fucosylation in Uterine Epithelium
To determine whether depletion of macrophages from the uterus leads to any change in fucosylation of epithelial surface glycoproteins, we used lectins and anti-LewisX antibody in uterine tissue sections. The lectin UEA-1 was used to detect Fuca1-2Gal specifically, while another lectin, LTP, was used to detect the broader range of Fuca1-2Gal, Fuca1-3GlcNAc, and Fuca1-4GlcNAc. First, the relative intensity of UEA-1 and LTP staining was quantified in uterine tissues recovered on Day 3.5 pc from females mated with SVX or intact males (n ¼ 7-8 per group). All uterine sections showed substantial binding of UEA-1 and LTP to luminal epithelial cells, but no statistically significant effect of macrophage depletion due to impaired seminal plasma signaling was detected (data not shown).
In an alternative approach to evaluating the effect of macrophage deficiency, we utilized the Cd11b-dtr acute macrophage depletion model. To remove any confounding effect of potential off-target effects of DT treatment, Cd11b-dtr BM chimeric mice were prepared, whereby Cd11b-dtr bone marrow was transplanted into irradiated FVB wild-type recipient mice. To generate uteri in a maximally receptive state [15] , ovariectomized Cd11b-dtr BM mice were primed with ovarian hormones to produce a condition of full sensitivity to an intraluminal decidual stimulus and were treated concurrently with diphtheria toxin to elicit macrophage ablation. Flow-cytometric analysis showed essentially complete removal of peritoneal F4/80þ/CD11Bþ double-positive cells following DT treatment in Cd11b-dtr BM mice (mean 6 SE ¼ 41.8 6 3.3% in control mice, compared to 0.4 6 0.1% in macrophage-depleted mice, n ¼ 10/group; representative dot plots are shown in Fig. 5, A and B) . Substantial macrophage depletion was also evident in uterine tissue stained immunohistochemically for F4/80þ cells (Fig. 5, C and D) . Depletion of macrophages from Cd11b-dtr BM mice led to a 30% reduction in intensity of UEA-1 staining (Fig. 6, A, D , and G) and a 67% reduction in LewisX staining (Fig. 6 , C, F, and I) but no change in LTP staining (Fig. 6, B , E, and H).
DISCUSSION
It is well known that ovarian steroid hormones exert influence on uterine epithelial cells via the agency of paracrine signals released from uterine stromal cells [23, 24] . The extent to which macrophages, a major stromal cell population with intimate epithelial cell contact, contribute to this communication has not been well explored. The experiments reported in this study demonstrate that in mice, macrophages are a key participant in the cell-cell communication pathways that regulate uterine epithelial cell receptivity to embryo implantation and indicate that macrophages act as mediators to transmit the effects of seminal fluid on endometrial receptivity. We found that macrophages secrete soluble factors that upregulate expression of the fucosyltransferases Fut2 and Fut4 and that this results in elevated expression of fucosylated glycoproteins on the epithelial cell surface at the time of implantation. Two active macrophage-derived mediators are identified as LIF and IL1B, which acted individually and additively to induce epithelial cell Fut2 mRNA expression.
Our interest in the potential role of macrophages in regulating epithelial cell gene expression was prompted by the initial observation that Fut2 mRNA was downregulated at implantation in uterine tissues from females mated with seminal plasma-deficient males. Direct effects of seminal plasma on epithelial cells to induce cytokine expression are evident in the period immediately after mating [6, 7] , but it seems unlikely that direct effects could account for changes in gene expression observed 3.5 days after coitus. In vitro macrophage-epithelial cell coculture experiments indicated that the effect of seminal fluid on Fut2 mRNA expression is likely to be mediated via the populations of macrophages recruited into the uterine stroma in response to seminal plasma signaling since soluble factors released from macrophages could elicit similar effects on Fut2 mRNA in vitro.
Confirmation that macrophages are indeed necessary for the normal a1,2 fucosylation of glycans of the endometrial epithelium was obtained using acute macrophage depletion in Cd11b-dtr BM mice. Terminal Fuca1-2 structures detected by UEA-1 and reactivity with anti-LewisX antibody were found to be diminished when macrophages were acutely depleted during the 3-day period prior to analysis. This result provides evidence that macrophages are essential for optimal expression of fucosylated structures involved in embryo attachment and implantation and supports the interpretation that reduced expression of fucosyltransferases in uterine tissues of mice mated to seminal plasma-deficient males is attributable to the diminished uterine macrophage populations in these mice.
FUT2 is the major regulator of a1,2 fucosyltransferase activity in murine endometrial epithelium. Comparisons of mice with null mutations in the Fut1 and Fut2 genes show that UEA-1 and H type 1 staining is absent only in endometrial epithelial cells of Fut2 null mutant mice [25] . There is strong evidence that glycans synthesized by FUT2 are pivotal in embryo implantation, as a(1,2)fucosylated glycoconjugates have been shown to inhibit embryo attachment to epithelial cell monolayers in the mouse [26] . Furthermore, neoglycoprotein ligands of H type 1 bind the embryonic trophectoderm [27, 28] , with high H type 1 expression in rat and goat endometrium 
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immediately preceding implantation [29, 30] . In the mouse, the highest levels of Fut2 expression are reported at estrus and Days 1-3 of pregnancy, coinciding with the time of maximum estrogen levels and when endometrial macrophage populations are largest. Enzyme bioactivity as well as luminal epithelial Fut2 mRNA expression and H type 1 staining all decline to minimal levels by Day 4 and 5 of pregnancy [31] [32] [33] [34] . However, the necessity for a(1,2)fucosylated glycans in mouse implantation is controversial, as the fertility of Fut2 null mutant mice has been reported to be normal, albeit in a limited study of only 12 females [25] . Using recombinant cytokines and neutralizing antibodies, we showed that macrophage regulation of Fut2 is mediated by macrophage-derived cytokines LIF and IL1B. Compelling evidence for these two cytokines was obtained using neutralizing antibodies and by demonstrating that mRNA encoding SOCS3, a LIF-inducible negative regulator of cytokine signaling, is upregulated by macrophages in uterine epithelial cells. Receptors for both LIF and IL1B are known to be expressed by luminal epithelial cells [35, 36] , and these cytokines have previously been shown to influence epithelial cell gene expression [37, 38] but have not previously been implicated in regulation of Fut2 expression. IL12 and other macrophage-derived factors may also contribute, but their action(s) may be redundant, as neutralizing both LIF and IL1B ablated the Fut2-inducing activity of MCM. Redundancy in macrophage-derived signals could explain the presence of luminal endometrial epithelial Fuca1-2Gal in the Lif null mutant mouse [39] .
The significance of LIF is of great interest given the implantation defect and altered uterine macrophage populations seen in Lif null mutant mice [21, 40] . While clearly LIF can be synthesized by endometrial cell lineages other than macrophages, most notably including glandular epithelial cells [41] , our findings, together with those from Dr. Susan Kimber's laboratory [40] , strongly suggest that macrophage dysregulation might be a key part of the mechanism explaining the infertility defect in Lif null mutant mice. LIF-deficient mice show abnormal retention of Fuca1-2Gal, as demonstrated by UEA-1 staining, as well as Fuca1-2Gal, Fuca1-3GlcNAc, and Fuca1-4GlcNAc, as demonstrated by LTP staining, on Days 4-5 of pregnancy [39] . While the Fuca1-2 carrier molecule has not been identified, we have seen two predominant UEA-1-binding fucosylated glycoproteins of ;90 and ;130 kDa and, in addition to these, several smaller carrier glycoproteins of ,75 kDa following lectin blotting of 1D SDS-PAGE of whole uterus (data not shown). In addition, murine H type 1 antigen is carried by epithelial glycoproteins of 120-130 kDa [42] . It would be interesting to evaluate how specific Fuca1-2 carrier proteins contribute to the adhesive properties of the uterine luminal epithelium at the time of implantation.
Paradoxically, molecules such as mucins that are classically seen as barriers to implantation can also carry adhesive epitopes, including sLewisX [43, 44] . While our data suggest that Muc1 transcription is not regulated by macrophages, it is possible that the glycosylated structures carried on mucin backbones may alter under the influence of macrophagederived molecules. However, MUC1 downregulation prior to implantation occurs normally in Lif null mutant mice [39] .
The a1-3 fucosyltransferase activity of Fut4 is essential for formation of the selectin ligands Lewis X (CD15) and LewisY. Therefore, although our data for macrophage regulation of Fut4 are less compelling than the data for Fut2, the substantial reduction in epithelial cell LewisX expression observed in   FIG. 5 . Effect of macrophage depletion on peritoneal and uterine macrophage populations in Cd11b-dtr BM mice. FVB mice transplanted with Cd11b-dtr bone marrow were ovariectomized and administered estrogen and progesterone to mimic the hormone environment of early pregnancy. The macrophage-depletion group was administered diphtheria toxin (DT) to elicit acute systemic macrophage death from 3 days prior to tissue analysis, while the control group received PBS. A and B) show dot plots from flow-cytometric analysis of the F4/80þCD11Bþ cell populations from the peritoneal cavity after PBS (A) or DT administration (B; representative of n ¼ 10 mice per group). Immunohistochemical analysis of uterine macrophage populations was performed using an anti-F4/80 antibody on control (C) and DT-treated mice (D). .Macrophages and rgranular cells identified as eosinophils (representative of n ¼ 5-8 mice per group).
macrophage-depleted Cd11b-dtr BM mice is consistent with a requirement for macrophages for optimal Fut4 expression. Fut4 mRNA expression has been reported to decline over Days 1-5 of pregnancy in mice [45] , and blastocysts express the LewisX ligand L-selectin [46] . We have also found that Fut4 mRNA expression is higher in the peri-implantation uterus than at estrus in mice (data not shown), and in human endometrium, Fut4 mRNA and protein expression peak in the early to midand midsecretory phase of the cycle [47, 48] . The redundancy in this enzyme family may contribute to the complexity of the molecular regulation of implantation. In particular, recent reports show that epithelial cell synthesis of FUT7, which regulates terminal fucosylation of sLewisX, is critical in controlling embryo implantation [49] . This, together with evidence that in embryos FUT7 may be regulated by LIF [50] , indicates that macrophage regulation of the Fut7 gene certainly warrants investigation. We have attempted to assess epithelial cell Fut7 expression, but we find that abundance is too low to accurately quantify, even in laser-captured epithelial cell tissue.
Our findings raise the possibility that altered endometrial macrophage populations might impact uterine receptivity in infertile women. While macrophage (CD68þ) cell numbers increase in the secretory phase endometrium relative to earlier phases of the cycle [51] [52] [53] , studies in infertile or subfertile women have not revealed differences in macrophage numbers [54] . However, macrophage phenotype and cytokine secretory function have been largely disregarded. Interestingly, colocalization of CD68 and the secreted mediators IL1A, IL1B, and IL6 show variation associated with fertility status [55] . Others have shown that MMP9 [56] and activin bB [57] do not colocalize within CD68þ cells, suggesting that phenotypic variation of macrophages in the human endometrium does occur. Thus, macrophage maturation and/or activation is likely to be influenced by the local environment, and epithelial cell cytokine secretion would be a critical factor in regulating this [18, 58] .
In summary, we have shown that macrophages have a hitherto-unrecognized function in controlling the glycosylation of implantation-associated glycoproteins in early pregnancy and have presented evidence that the effects of seminal fluid on embryo implantation are likely to be mediated at least in part through the agency of macrophages. This is consistent with observations that disruption in seminal fluid signaling compromises the quality of implantation and pregnancy outcome [59] [60] [61] [62] [63] . Macrophage phenotype and function are highly sensitive to infection, inflammation, stress, nutrition [64] , and environmental toxins, and macrophages could reasonably provide a pathway through which these factors adversely affect fertility. Future studies will explore the physiological role of macrophage populations in controlling endometrial receptivity in women and will investigate the extent to which the behavior of these cells is influenced by ovarian hormones, partner's seminal fluid, and infectious, inflammatory, and environmental agents. 6 . Effect of macrophage depletion on epithelial cell expression of fucosylated structures in vivo. FVB mice transplanted with Cd11b-dtr bone marrow were ovariectomized and administered estrogen and progesterone to mimic the hormone environment of early pregnancy. The macrophage-depletion group was administered diphtheria toxin to elicit acute systemic macrophage death from 3 days prior to tissue analysis, and the control group received PBS. Uterine tissue was recovered and stained with the lectins UEA-1 (A and D), LTP (B and E), or antibody reactive with LewisX (C and F). Representative photomicrographs of tissue from macrophage-depleted and control mice are shown, including negative controls in upper quadrants of A-C (-ve). Negative controls include preincubation of UEA-1 with L-fucose (A), no lectin (B), and no primary antibody (C). The amount of staining in the apical surface of the luminal epithelium was quantified for UEA-1 (G), LTP (H), and LewisX (I), and data are plotted as mean 6 SEM, with n ¼ 5-11 per group. The effect of treatment group was evaluated by the Student t-test. *Significantly different from control group (P , 0.05).
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